Reentrant Metallic Behavior of Graphite in the Quantum Limit 
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Magnetotransport measurements performed on several well-characterized highly oriented pyrolitic 
graphite and single crystalline Kish graphite samples reveal a reentrant metallic behavior in the 
basal-plane resistance at high magnetic fields, when only the lowest Landau levels are occupied. The 
results suggest that the quantum Hall effect and Landau-level-quantization-induced superconducting 
correlations are relevant to understand the metalliclike state(s) in graphite in the quantum limit. 
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Conduction processes in two-dimensional (2D) electron 
(hole) systems, in particular the apparent metal-insulator 
transition (MIT) which takes place either varying the car- 
rier concentration or applying a magnetic field H , have 
attracted a broad research interest Recently, a simi- 
lar MIT driven by a magnetic field applied perpendicular 
to basal planes has been reported for graphite iMSSH- 
The quasi-particles (QP) in graphite behave as massless 
Dirac fermions (DF) with a linear dispersion relation, 
similar to the QP near the gap nodes in high-temperature 
superconductors. Theoretical analysis 0,001 suggests 
that the MIT in graphite is the condensed-matter real- 
ization of the magnetic catalysis (MC) phenomenon 
known in relativistic theories of (2 -I- l)-dimensional DF. 
According to this theory [1, Q, 0, ^^^^ magnetic field 
H opens an insulating gap in the spectrum of DF of 
graphene, associated with the electron-hole (e-h) pair- 
ing, below a transition temperature Tce{H) which is an 
increasing function of field. However, at higher fields and 
at temperatures T < Tj^axiH) an insulator- metal tran- 
sition (IMT) occurs |3| indicating that additional phys- 
ical processes may operate approaching the field Hql 
that pulls carriers into the lowest Landau level. The oc- 
currence of sup erconducting correlations in the quantum 
limit (QL) [iflllj and below the temperature T^n^xiH) 
has been proposed for graphite in Ref.0]- On the other 
hand, authors of Ref . Q argued that at high enough car- 
rier concentration, the basal-plane resistance Ri,{H,T) 
can decrease decreasing temperature below the e-h pair- 
ing temperature, and identified TjnaxiH) with Tce{H). 
Other theoretical works predict the occurrence of the 
field-induced Luttinger liquid and the integral quan- 
tum Hall effect (IQHE) [13 in graphite. All these in- 
dicate that understanding of the magnetic-field-induced 
insulating and metallic states in graphite is of impor- 
tance and has an interdisciplinary interest. The aim of 
this Letter is to provide a fresh insight on the magneto- 
transport properties of graphite in the QL. We show that 
the IMT is generic to graphite with a sample-dependent 



Tniax{H). Our results of the Hall resistance Rfi{H,T) 
measurements performed on strongly anisotropic samples 
reveal characteristics related to the QHE. 

We have performed measurements of both Rt,{H,T) 
and Rh.{H/r) resistances on several well-characterized 
H IE H IE IM nil quasi-2D highly oriented pyrolitic 
graphite (HOPG) and, less anisotropic, flakes of single 
crystalline Kish graphite 0|. Three HOPG samples with 
the room temperature and H = out-of-plane/basal- 
planc resistivity ratio Pc/ Pb = 8.6 x lO'' (HOPG-1) and 

- 5 X 10"* (HOPG-3 and HOPG-UC), and the Kish 
single crystal (K-1) with a ratio of ~ 100 have been 
studied. HOPG samples were obtained from the Re- 
search Institute "Graphite", Moscow (HOPG-1, HOPG- 
3) and the Union Carbide Co. (HOPG-UC). pb values 
at T = 300 K (iJ = 0) are - 3 p.ncm (HOPG-UC), 

- 5 ^lncm (HOPG-3, K-1), and - 45 ^J.ncm (HOPG- 
1). Low-frequency (/ = 1 Hz) and dc standard four- 
probe magnetoresistance measurements were performed 
on samples with dimensions 4.9 x 4.3 x 2.5 mm^ (HOPG- 
1), 4x4xl.2mm3 (HOPG-3), 5 x 5 x 1 mm^ (HOPG-UC) 
and 2.7 x 2.4 x 0.15 mm^ (K-1) in fields applied parallel 
to the sample hexagonal c axis in the temperature inter- 
val 70 mK < T < 300 K using different 9 T-magnet He 
cryostats and a dilution refrigerator. The Hall resistance 
was measured using the van der Pauw configuration with 
a cyclic transposition of current and voltage leads 

at fixed applied field polarity, as well as magnetic field 
reversal; no difference in Rh{H,T) obtained with these 
two methods was found. For the measurements, silver 
past electrodes were placed on the sample surface, while 
the resistivity values were obtained in a geometry with 
a uniform current distribution through the sample cross 
section. All resistance measurements were performed in 
the Ohmic regime. Complementary magnetization mea- 
surements M{H, T) were carried out with H\\c axis using 
a SQUID magnetometer. 

Figure n^a) illustrates the field-induced suppression of 
the metallic state measured in the Kish graphite sam- 
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FIG. 1: Basal-plane resistance measured in single-crystalline 
Kish graphite sample (K-1) in the low- (a) and high-field 
(b) regime. Arrow indicates Tmax(-ff) below which reentrant 
metallic phase appears. 



pie (K-1) at low fields, and Fig. ^b) shows the re- 
appearance of the metalhc state at T < T„jax{H) increas- 
ing field. We note that the reentrant metallic state takes 
place in the Landau level quantization regime, verified 
through measurements of the oscillation in both Rb{H) 
and i?;i(iJ)associated with the Shubnikov-de Haas (SdH) 
effect jlilSl. 

The noticeable difference in the high-field behavior be- 
tween HOPG and Kish graphite samples is a multiple 
crossing in both Ri,{H,T) and Rh{H,T) isotherms mea- 
sured in HOPG (see Figs. |21and|31) and its absence in the 
case of Kish graphite 20] . The appearance of plateaus- 
like features in the Hall resistance Rh{H) measured in 
HOPG can be seen in Fig. O The results in Fig. O 
suggest the QHE occurrence in HOPG. This new result 
is not unexpected taking into account the quasi-2D na- 
ture of HOPG. The QHE has been previously reported 
for various multilaycred systems 21, 22, 23J and the oc- 
currence of IQHE in graphene has been predicted in Ref. 

El- 

Following the analysis of transitions between adjacent 



FIG. 2: Basal-plane resistance measured in HOPG-3 sam- 
ple at four temperatures, demonstrating crossings of the 
Rb{H) isotherms, i.e., the sequence of the field-driven metal- 
insulator-metal transitions. The lower inset gives a detailed 
view of the crossing in Ri,{H) isotherms; T = 2 K (•), 5 K 
(dotted line), 10 K (solid line). The upper inset shows nor- 
malized resistance r = Rb{T)/R{T^) where = 18 K{H = 
0,_H" = 8 T), and = 11 K{H = 2 T). 



quantum Hall plateaus |2^, in the inset of Fig. 13 we 
plot the temperature dependence of the maximum slope 
(d|i?/i|/di?)max vs. T"^ associated with the largest step 
in Rh{H,T) measured at ~ 3.5 T. At T > 1.5 K this 
slope is oc T^'^ with an exponent k — 0.42(0.45) for the 
HOPG-UC (HOPG-3) sample. Numerous experiments 
performed on QHE systems showed that n varies from 
sample to sample and can even depend whether it is de- 
termined from Hall or longitudinal resistance measure- 
ments [2^ [2^. Nevertheless, it is interesting to note that 
the here obtained exponent n agrees with that predicted 
for transitions between both IQHE and fractional QHE 
(FQHE) plateaus [13, El]. The observed saturation in 
{d\Rh\/dH)^^^ vs. T-i at r < 1.5 K (see inset in Fig. 
O is similar to that found in QHE systems but its origin 
is still unclear The analogous behavior has 

also been reported for other quasi-2D bulk QHE systems 
as, e. g., {TMTSF)2AsFe [23. We stress that RhiH, T) 
is the Hall resistance measured for the bulk sample which 
translates, e. g., to ph = 3.5 mflcm at the main plateau 
for HOPG-UC sample. This gives Rh/O = ph/d - 10 kn 
id = 3.35 A is the interlayer distance), i. e., only a fac- 
tor ~ 2.5 less than the Hall resistance quanta h/e^. The 
upper inset in Fig. |21 shows Rb{T) measured at H = 0, 
2, and 8 T down to 70 mK, the lowest available tem- 
perature. As can be seen, at high fields and T < 1 K 
the resistance drop is followed by a logarithmic increase 
which can be accounted for by a possible formation of the 
Wigner crystal or charge density wave of Cooper pairs 
(see below) in quasi-2D systems |3^ in the presence 
of quenched disorder. 
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FIG. 3: Hall resistance Rh{H,T) measured for HOPG-3 sam- 
ple between 100 mK (■) to 20 K (v), for HOPG-UC at T 
= 4.2 K, and for K-1 [Rh/W) at T = 1.5 K. Inset shows 
(di?h/d//)niax VS. 1/r for the HOPG samples; dashed and 
solid lines are linear fits to the function ~ T"" with k — 0.42 
and 0.45 for the HOPG samples. 
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FIG. 4: Tmax vs. H for all studied samples. Dotted line 
corresponds to Eq.(l) with C = 21.5 K/T"'^ and hqH^ = 
0.16 T. 



We note further that if the QHE-like behavior of 
HOPG samples is related to their quasi-2D nature, the 
lack of any signature for the QHE in Kish graphite pro- 
vides an additional evidence for its 3D character. On the 
other hand, the reentrant metallic state takes place for 
all filling factors or magnetic fields H > Hql ~ 4 T for 
HOPG samples, and ^qH > 0.2 T for the K-1 sample, 
indicating that the QHE alone cannot account for this 
effect. 

Figure 31 presents T,nax(-ff) obtained for all measured 
samples. It demonstrates that T^i^^{H) for the K-1 sam- 
ple can be surprisingly well approximated by the equation 



T„,ax(i?) = C[l - {HJHf]H^'^ , (1) 

with He and C being fitting parameters. The Eq. (1) 
is similar to the expression (64) of Ref. Tee (1 — 
vl)H^/^, obtained within the MC theory, where Vb = 
2Trcn2D/Nf\eH\ = He/H is the filling factor, Nf is the 
number of fermion species [Nf — 2 for graphite), and n2D 
is the 2D carrier density. We note, however, the order 
of magnitude difference between the predicted value for 
HoHe « 2.5 T (using njn = risod ~ 10^^ cm~^ taking 
nsD ~ 3 X 10^^ cm~^) |3| and the fitting value noHe = 
0.16 T; see Fig. H 

Alternatively, the reentrant metallic state in both 
HOPG and Kish graphite samples can be caused by a 
common mechanism associated with the Cooper-pair for- 
mation. The appearance or reappearance of supercon- 
ducting correlations in the regime of Landau level quan- 
tization has been predicted by several theoretical groups 
(for review articles see Refs. 0,^2). According to the 
theory, superconducting correlations in quantizing field 
result from the increase of the ID density of states A^i (0) 
at the Fermi level. In the quantum limit {H > Hql) the 
superconducting critical temperature Tsc{H) for a 3D 
system is given by the equation jl^ 

Tsc{H) = 1.14f}exp(-2^ZV^^i(0)^) , (2) 

where 2-kP/Ni{Q) - I = {hc/eHf^, V is the BCS 

attractive interaction, and is the energy cutoff on V ( in 
2D case, Tsc increases linearly with field 0, 0, |33). 
The increase of T„iax with field (see Fig. ^ is in a qual- 
itative agreement with Eq. (|2J) and the 2D predictions 
[ill 0, [i^. Above a certain field H > Hql a reen- 
trant decrease of Tsc is also expected being con- 
sistent with the saturation in Tynax{H); see Fig. [H The 
occurrence of either spin-singlet or spin-triplet |3a] su- 
perconductivity in graphite may be possible in the QL. 
Theory predicts an oscillatory behavior of Tsc{H) at 
H < Hql, i.e., with an increasing number of occupied 
Landau levels; indeed, a nonmonotonic T-aiax{H) is ob- 
served for all HOPG samples at ^li^H < 4 T (see Fig. HI. 
The absence of pronounced T^ax vs. H oscillations in 
Kish graphite can naturally be understood taking into 
account its lower anisotropy. In (quasi-)2D case the den- 
sity of states A'^(O) is a set of delta functions (broadened 
however by quenched and thermal disorder) correspond- 
ing to different Landau levels, and hence Tmax should 
oscillate stronger with field in HOPG, as observed. A 
Tmax(9T) = 62 K obtained for Kish graphite is much 
higher than rinax(9T) = 11 K measured for strongly 
anisotropic HOPG-UC sample. This fact can be under- 
stood ta king into account quantum and/or thermal fluc- 
tuations [idlllj, which are stronger in quasi-2D HOPG 
and hence can effectively reduce Tmax (i.e., Tsc)- It is ex- 
pected that below Tsc{H) and for 3D samples, the resis- 
tance along the applied field vanishes and the resistance 
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FIG. 5: AM/M = [M(r)-M(r,„ax)]/M(rn,ax) and AR/R = 
[7?6(T) - i?6(T„.ax)]/7?6(rn,ax) measured for the HOPG-UC 
sample at ^oH = 1 T. The inset presents the magnetization 
M{T) measured at fioH = 5 T. 



perpendicular to the field direction shows a drop [lollll| . 
However, in graphite both the c-axis and basal-plane re- 
sistances remain finite due to the layer crystal structure, 
implying the occurrence of superconducting correlations 
without macroscopic phase coherence. 

In Fig. 13 we compare i?b(T) and the magnetization 
M{T) measured for the HOPG-UC sample at ^loH ^ 
1 T and 5 T (inset), viz., in the QL, illustrating that 
the reentrant metallic state(s) is(are) accompanied by 
the enhanced diamagnetic response, supporting both 
the superconductivity- and QHE-based scenarios for the 
field-induced metallic state (s). 

In summary, the results of the present work provide an 
unambiguous evidence for the reentrant metallic state(s) 
in graphite induced by a magnetic field in the quan- 
tum limit. The observed sequence of the field-driven 
insulator-mctal-insulator transitions as well as a signa- 
ture for the QHE in HOPG samples rule out any trivial 
explanation for the phenomenon. On the other hand, 
the overall results can consistently be understood as- 
suming the occurrence of superconducting correlations in 
the regime of Landau level quantization, providing thus 
a possible solution of the longstanding problem of the 
metallic resistance behavior [dRb/dT > 0) in graphite in 
the QL even below IK jsT^. 
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